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Knowledge of the ecological dynamics between hosts and pathogens during the initial stages of disease emergence is crucial to understanding the potential for evolution of new interspecific interactions. Tasmanian devil (Sarcophilus harrisii) populations have declined precipitously owing to infection by a transmissible cancer (devil facial tumour disease, DFTD) that emerged approximately 20 years ago. Since the emergence of DFTD, and as the disease spreads across Tasmania, the number of devils has dropped up to 90% across 80% of the species's distributional range. As a result, the disease is expected to act as a strong selective force on hosts to develop mechanisms of tolerance and/or resistance to the infection. We assessed the ability of infected devils to cope with infection, which translates into host tolerance to the cancer, by using the reaction norm of the individual body condition by tumour burden. We found that body condition of infected hosts is negatively affected by cancer progression. Males and females presented significant differences in their tolerance levels to infection, with males suffering declines of up to 25% of their body condition, in contrast to less than 5% in females. Sex-related differences in tolerance to cancer progression may select for changes in life-history strategies of the host and could also alter the selective environment for the tumours.
Background
Host and pathogen populations are entangled in ongoing conflicts of interest which result in complex eco-evolutionary dynamics. Pathogens exploit host resources to replicate and transmit, a process that imposes fitness costs on the host [1, 2] . Hosts express two distinct defence strategies to cope with infection and decrease the effects of pathogen burden: resistance and tolerance [3, 4] . Resistance is a mechanism by which hosts directly attack the pathogen, reducing pathogen burden and therefore negatively affecting pathogen fitness. Tolerance, on the other hand, is a mechanism by which the host can buffer the negative impact of infection on its health without reducing the pathogen fitness [4 -6] . There are epidemiological and ecological costs and benefits for a host investing in either of these energetically expensive defence mechanisms [7, 8] , and hosts are expected to display the strategy, or combination of both, that provides the best cost-benefit balance [7, [9] [10] [11] . Tolerance, which translates to host ability to cope with infections, is proposed to be more beneficial to hosts than resistance when the risk of becoming infected is high as a result of high disease prevalence [11, 12] . This strategy may increase the infectious period in hosts, and therefore may also benefit the pathogen in the long term by increasing pathogen prevalence, and with it the benefits of hosts carrying genes able to buffer the impacts of infection in the population [11] . On the other side, resistance would decrease pathogen prevalence in the host population, and as a result the benefit for resistant genotypes will decrease in the long term. The reduced prevalence, at a cost for pathogen fitness, would act as a selective force in favour of pathogen genotypes expressing strategies to counterbalance host resistance. Thus, the evolution of resistance will drive the host-pathogen evolution to an arms race or red queen dynamic, while tolerance may lead the system towards a stable evolutionary dynamic and eventually coexistence [13] .
The effect of disease progression on host health can be illustrated graphically by plotting the reaction norm of host health as predicted by pathogen burden [4, 14] . The slope of the resultant curve indicates the level of host tolerance to infection, with a horizontal (zero) slope indicative of a completely tolerant individual, and a negative slope a potentially less tolerant one. Hence, the steeper the slope, the greater the impacts of pathogen burden on host health. The resultant slopes provide information about the overall impact of the disease on a group of hosts, allowing comparisons between groups or populations, (e.g. sexes, age classes, genotypes, sites). The intercept of the graph (called vigour) may indicate the level of health or fitness of the host population when there is zero pathogen burden [4] .
Here, we investigate the effect of a recently emerged infectious disease on body condition of wild Tasmanian devils. By using body condition as a proxy for health, we assess the shape and magnitude of the reaction norm of host health to the progression of devil facial tumour disease (DFTD), a transmissible cancer. DFTD is characterized by solid tumours growing on the facial, oral and neck region of Tasmanian devils (Sarcophilus harrisii) [15] . The infectious agent is live tumour cells transmitted by direct inoculation when susceptible and infected individuals bite each other [16] . In almost 100% of cases, the host dies within 12 months after the clinical presentation of a solid tumour [17] . This high mortality has diminished wild Tasmanian devil populations locally by more than 90% [17] , with a decline in median density of 77% across 80% of its distributional range [18] . Diseaseinduced extinction of devils in the wild was raised as a genuine concern, based on the frequency-dependent transmission mode of DFTD [19] ; however, the species has persisted in the long term in infected areas, though in low numbers. Evolution in the interacting host and pathogen populations may be the cause of the persistence of devils in the wild. Changes in tumour variants [20, 21] and in the epidemiology and population impacts associated with tumour lineage replacement [22] have been described, as well as spontaneous tumour regressions [23] . From the host side, immune responses against cancer and rapid changes in the genome in populations related to disease arrival have been reported [24] . Epstein et al. [15] identified seven genes in two regions of the genome that may be under selection. In a second study, analysing the data generated by Epstein et al. [15] , the authors identified 97 signatures of selection potentially associated with cancer and behaviour-related phenotypes in devils [25] . Finally, a recent study has found associations between SNPs and DFTD-related phenotypes (i.e. survival to infection, age of first infection) in devils, reporting differences between males and females, with much more phenotypic variation being explained by SNPs in females than male devils [26] . All of these genome-focused findings suggest an ongoing evolutionary process between devils and DFTD, in which this newly emerged pathogen represents an intense selective force on host populations [25] . Evaluation of phenotypic changes in tolerance and resistance which may shed light on functional interactions between cancer and host is limited. In this context, the Tasmanian devil and its transmissible cancer provides a case study system to examine how hosts and pathogens interact at both individual and population levels in the early stages of their ecological and evolutionary history.
Methods (a) Study sites and sampling
Two study sites of 25 km 2 were established in northwest Tasmania, Australia, in the localities of West Takone (379369 E/ 6440624 S) and Wilmot (426417 E/5414182 S). The devil populations at the two sites were each sampled ten times, at three-month intervals, between February 2015 and August 2017 (February 2016 was not conducted) to address seasonal and physiological changes due to reproduction. Each field session consisted of 10 continuous trapping days deploying 40 custombuilt carnivore traps. On the first capture, each individual devil was permanently marked with a subcutaneous microchip, and sex and age (using tooth wear, accurate to 3 of 5 years lifespan) were determined. Body mass and head width (zygomatic width) were recorded as morphometric proxies. For individuals presenting with clinical signs of infection with DFTD, a photoidentification of individual tumours was captured, and the maximum length, width and depth of tumours measured, volume being calculated later using the ellipsoid volume formula. Infected devils often presented with more than one tumour in various locations on the body at the same time, therefore total tumour volume was calculated by summing the volumes of all tumours present in a host at the time of observation. Total tumour mass was calculated assuming a density of 1.1 g per ml of volume as described for soft tissues of similar composition to DFTD cells [27] .
(b) Body condition
We applied an index based on the relationship between body weight and body size, which is widely used for measuring and comparing body condition in individual mammals [28] . The body condition index was calculated by dividing the body weight (body weight minus tumour weight) for each individual by the body weight expected from the linear regression of body weight with head width (a precise measure of animal size because it is measured across bone-the jugal arches-with minimal overlying tissue), both log-transformed, for the population. The resulting index represented a proportion between actual and expected weight. Study site was not included as a factor in the regression models constructed to build a generic allometric relationship for devils. The regression equation was built using observations only from clinically healthy individuals (no macroscopically detected tumours). This index provided a biologically meaningful indicator of how much above or below the expected body mass an individual was according to its body size. Independent linear regressions were fitted for males and females to take account of sex differences in the relationship between body mass and body size (details in electronic supplementary material). The subsequent analyses used the body condition index according to the respective equation for males and females.
(c) Effect of devil facial tumour disease progression on body condition
The effect of disease progression on body condition was assessed by using generalized additive mixed models to account for rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20182239 potential nonlinear effects of cancer progression on body condition index. We used two proxies of pathogen burden or disease progression as predictor variables, in this case: (i) total tumour volume (Tvol), which was the arithmetic sum of the individual volume of all observable tumours present on a host at the time of measurement; and (ii) an estimate of the ratio between total tumour weight and body mass (T/B). The latter index proportionated an indicator of pathogen burden in relation to host body mass. Preliminary analyses were conducted to assess potential differences in maximum tumour burden recorded in males and females (details in electronic supplementary material).
Season and Julian day were also included as nonlinear variables in model formulations to consider for natural changes in body condition that devils experience through the year because of life-history events such as reproductive effort. Thus, season and Julian day were transformed to circular variables using its cosine transformation in model formulations. We included individual as a random effect in the model formulations to account for non-independent observations because of the repeated measures from the same individual devils at various times. Field trips were conducted in summer (February), autumn (May), winter (August) and spring (November) of each year.
We formulated a total of eight models, accounting for all single and pairwise combinations of the four predictor variables, avoiding building models that included correlated variables: tumour volume versus tumour body weight ratio, and season versus Julian day. We applied a multi-model selection approach based on the Akaike information criterion (AIC) to rank the models [29] . We calculated relative importance of the predictor variables by adding the model weights for all models including each variable. This analysis was run using only adult individuals (more than 18 months old) with clinical infection. Finally, we included the statistical significance for the smooth terms included in the best-fitting models to assess for sex differences influencing the effects of the other explanatory variables. All statistical analyses were conducted in R software version 3.4.1.
Results
A total of 625 capture events and observations were recorded during the study period. The total dataset included 298 individual Tasmanian devils (158 females and 140 males). A total of 462 observations of healthy individuals were used to fit the allometric curve to calculate the body condition index with 237 and 225 observations for female and male devils, respectively. A total of 96 observations of infected females and 67 of infected males were recorded, which comprised the dataset analysed to test the effect of disease progression on body condition. The model with most support (97.4% of AIC weights) included T/B and its interaction with host sex and explained 49.8% of the null deviance (table 1). All seven other model formulations presented little support, however they evidenced significant statistical effects. Tvol alone and the interaction of Tvol with host sex showed an overall significant effect on host body condition (F ¼ 1.27, p ¼ 0.039, and F ¼ 0.48, p ¼ 0.031, respectively), and the models explained 24.4% and 29.3% of the null deviance. Season and Julian day showed also limited explanatory capacity in the analyses (AICw 0). The variable importance calculation showed that T/B is the most important variable in explaining the body condition of infected devils (99.95%), followed by host sex (97.4%).
The shape and magnitude of change in body condition with disease progression differed between sexes (figure 1), with a significant stronger effect on males than on females figure 1a-d) . T/B showed an almost linear (negative) effect on body condition of males, decreasing body condition by approximately 25% between the early and late stages of the disease (figure 1b). In females, T/B presented a similar negative trend with an overall decrease in body condition of approximately less than 5% at T/B of more than double the experienced by males ( figure 1a) . Despite the low support presented by the models including Tvol, a significant effect of Tvol and its interaction with sex was detected. Both sexes presented with similar maximum values of total tumour volume (F 1,109 ¼ 1,48, p ¼ 0.223) . While the curve for females shows that they may be able to almost maintain their body condition with disease progression (figure 1c), in males the effect follows a nonlinear shape with a slight capacity to maintain their body condition in initial stages of infection (Tvol , 3) followed by a decline of approximately 15% between middle and large tumour volumes (figure 1d).
Discussion
We present an evaluation of the effects of disease progression on host body condition in wild populations using a fieldbased approach. Our study is the first evaluation of tolerance to infection at the population level in a recently emerged transmissible cancer in wild Tasmanian devils. Disease state, as measured by cancer burden (tumour-body weight ratio, and total tumour volume), has an overall negative effect on body condition of hosts infected with DFTD, with a much greater magnitude of the effect on male than on female devils, suggesting a sex bias in tolerance to this transmissible cancer. The sex differences in the shape of the reaction norm of body condition as disease progresses suggest that strategies to cope with infection and their consequent evolution should differ between male and female hosts. This could result in differential fitness of infected males and females, with sex-linked survival and fecundity rates as energy reserves deplete.
Our results reveal sex-related differences in the effects of cancer progression on Tasmanian devils. Tumour-to-bodyweight ratio (T/B) and total tumour volume (Tvol) have an overall negative effect on the body condition of infected individuals, with a much stronger negative effect in males than females ( figure 1) . These sex differences are demonstrated by a significant interaction between sex and disease progression in the model formulations. Tumour-to-bodyweight ratio presents a significant negative linear effect on body condition of males, which may suffer declines of approximately 25% of body condition when cancer burden reaches around 3% of the body weight. This is of a similar magnitude to the reproductive cost in loss of body condition experienced by non-infected males during the mating season [30] . In contrast, the negative effect of T/B on females is much less, with body condition declining by less than 5% when tumour weight reaches approximately 6% of host body mass. Models including total tumour volume have less support than for T/B. Tumour volume in males shows a nonlinear effect on body condition with a marginal increase at initial stages of the infection, a detrimental effect at around tumour volume of 3 (log 10 scale of mm 3 ) and an overall loss of approximately 15% in body condition. In contrast, body condition of females appears to be less influenced by tumour volume than by T/B, although condition trends down at larger tumour volumes.
There is an apparent overall threshold in tumour volume (of 3; log 10 scale of mm 3 ), after which body condition declines in males, and slightly in females. This result is consistent with findings that infected individuals potentially have higher survival than non-infected ones at low tumour volumes, but lower survival than non-infected individuals when tumour burden is higher than 100 ml [31] . This pattern may suggest a threshold for cancer burden, at which infected individuals may be able to completely tolerate the infection. This level of cancer burden may also represent a physiological and metabolic landmark indicating the moment at which the disease becomes a significant compromise to the fitness of the host. [32] .
Body condition in wild populations is expected to vary according to the ecological context in which organisms inhabit, and to follow seasonal patterns of availability of resources and reproductive investment [33] . Tasmanian devils are seasonal breeders, with the mating season taking place in late summer and early autumn [34, 35] . This pattern allows juveniles to be weaned during mid-and late spring. The costs of reproduction are expected to differ between sexes in magnitude and timing. Energetic demands are expected to peak during the mating season in males [36] , and during the second half of lactation in females, starting in winter when they are carrying large pouch young up until early summer when the denned young are weaned [37, 38] . The limited support for models that include seasonal variables (season and Julian day) suggests that cancer progression may over-rule the effect of seasonality on body condition of infected individuals. As cancer progresses, its growth and/or secondary complications [39, 40] may increase the energetic demand of infected individuals with a stronger effect on the resulting body condition than that driven by seasonal patterns of reproduction and food availability. The lack of a seasonal effect in females may reflect plasticity in their ability to manipulate reproductive costs by reducing provisioning and number of young in a litter according to environmental conditions, or a response to increased resource availability as populations decline well below carrying capacity due to DFTD-induced mortality. The latter effect has been proposed as the cause of the increased proportion of precocial breeders in diseased populations [30] .
The differences in tolerance to cancer progression between males and females may select for changes in lifehistory strategies in the host and could also alter the selective environment for the tumours. As the impact of disease progression on host health differs between the sexes, the environmental and ecological context for the cancer will also differ based on whether the tumour is carried by a male or a female devil. Body condition is directly linked to survival and reproductive success in natural populations [41, 42] , and the ability to tolerate infection and maintain body condition as pathogen burden increases is therefore a trait potentially under selection. There are two main influences from DFTD on life-history plasticity in both sexes of devils. The first is high mortality following the first mating season [43] , when much of transmission is thought to occur through biting behaviour [44, 45] , placing selection pressure on terminal investment, expressed as early or precocial breeding in the first year of independent life [30] . The second is the increased growth rates in juveniles, enabled by improved nutrition following severe population decline, that can facilitate early sexual maturity and precocial breeding [43] . Reproduction and mating systems place different energetic demands and selection pressures on males and females, and so they Table 1 . Results from the generalized additive mixed models analysing the effects of seasonality and cancer progression on body condition of Tasmanian devils infected with DFTD. All eight models tested. First parameter is the intercept, s i is the cubic spline for the variable, d.f. are the effective degrees of freedom for the respective term. AIC and AICw are the Akaike information criterion and the Akaike weight for the model. [30, 43] extends the reproductive season for males, which can mate multiple times since their reproductive investment is not influenced by seasonality [46] . This may allow infected males, which already have compromised energy resources from DFTD that are equivalent to mating season effort, to spread their reproductive effort over a longer time period instead of the intense, short mating season that occurs in healthy populations [36] . Females, on the other hand, are constrained to one litter per year, but flexibility in reproductive effort may be available through manipulating sex ratio, litter size and maternal investment in that litter [43] . Cancer has been considered an individual condition with very limited potential to act as a force in natural selection, and therefore in evolution. However, an increasing number of studies have shown that oncogenic phenomena play an important role in the ecology and evolution of their hosts and ecosystems [47, 48] . Transmissible cancers, of which only eight naturally occurring cases are known to science, behave as infectious agents, but the pathology experienced by hosts are the hallmarks of cancer, such as uncontrolled cellular replication within tumours, tissue invasion, immune evasion and metastasis [49 -51] . In this context, studying how different host genotypes respond to infection by and progression of clonal tumours will help to understand cancer biology in an evolutionary context, which may expand our understanding of the internal battle between cancerous and healthy host tissues [51 -56] . Cancer risk in humans has been reported to vary with factors such as sex [57] , occupation [58, 59] and concomitant infections [7] . Studies of cancer progression in natural conditions without treatment, which would allow researchers to explore differences in tolerance among patients, are non-existent for ethical reasons. The applicability of the concept of tolerance, originally developed by plant ecologists and recently incorporated in animal studies, to cancer contexts may provide the framework to understand oncogenesis as an important force in ecological and evolutionary processes. Studying cancer in an evolutionary framework and treating cancer as a chronic condition in which tumours act as parasites may expand thinking around treatment possibilities to target rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20182239 tolerance levels in hosts instead of resistance, which is the current approach [7] . The devil-DFTD transmissible cancer system is showing signs of evolving at a surprisingly rapid rate. By studying the different dimensions of this process, from ecology and epidemiology to genomic interactions between host and pathogen, we can expand our understanding of cancer biology beyond the specifics of the devil-DFTD system. Evolution is a dynamic process and needs to be better studied and factored into management actions, whether they be conservation of Tasmanian devils in the wild or cancer treatment in humans and domestic animals. Further research to elucidate how much of the individual and sex-related variability in tolerance is explained by genetic or environmental influences will reveal how natural selection may act in this relatively new host-pathogen system.
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